Local patterns of genetic variation were analysed in the land snail Helix aspersa for 32 populations sampled within a patchy agricultural landscape: the polders of the Bay of Mont-Saint-Michel (France). This investigation examined the allele frequencies at four enzymatic markers and five microsatellite loci through the genotyping of 580 individuals. A strongly significant population genetic substructuring (mean F ST ¼ 0.088, Po0.001) was found at the scale of the whole polders area (3050 ha) and both categories of markers displayed a similar magnitude of spatial genetic differentiation. We did not find any obvious effects of habitat fragmentation on the distribution of genetic variability. Despite the reality of habitat patchiness and environmental instability (related to farming practices), an isolation by distance process was clearly depicted, although selective pressures cannot be ruled out for one enzymatic locus. Overall, genetic drift, along with occasional long-distance episodes of gene flow, was presumably the most likely evolutionary force that shaped the observed pattern of genetic variation.
Introduction
The distribution of neutral genetic variability within and among natural populations arises from the combined effects of processes like mutation, migration and random genetic drift, and the description of genetic structure in wild populations provides insights into the past and contemporary respective influences of such evolutionary forces (Slatkin, 1994; Hutchison and Templeton, 1999) . Habitat fragmentation has been a strong feature of wild populations, especially where agricultural practices have dominated. One consequence of this mosaic of terrestrial landscapes is the subdivision of species into many arrays of localised populations, often of limited size, where mating is more likely to occur among related individuals (Frankham et al, 2002) . Within the context of humandisturbed environments, an array of local populations, considered as a whole, can be expected to persist for a longer period of time than any one of its individual elements, assuming that the colonisation rate is sufficient to offset local extinctions (McCauley, 1993; Pannell and Charlesworth, 2000) . This observation has led to the wellknown concept of the metapopulation, consisting of a large set of transient populations with a regional persistence achieved by a balance between local extinctions and recolonisations (Hanski, 1999) . Hence, metapopulation models can take many forms that may have different genetic and evolutionary consequences, largely depending on the spatial interconnection of local populations, the demographic processes associated with colonisation events (ie the source of the colonists and the rate of colonisation), and how extinction events are distributed in time and space (McCauley et al, 1995; Thrall et al, 2000; Whitlock, 2001; Charbonnel et al, 2002) .
Terrestrial molluscs generally reside in patchy habitats likely to promote geographical structuring and have been considered as ideal organisms for studies of ecological genetics over a large range of spatial scales (eg Selander and Ochman, 1983; Arter, 1990; Bahl et al, 1996; Arnaud et al, 1999a, b; Davison and Clarke, 2000; Armbruster, 2001; Goodacre, 2002, and references therein) . They are easy to collect and mark, making both direct and indirect measurements of gene flow possible, and can exhibit extensive demographic and genetic population structure even on a microgeographical scale. This study describes the pattern of population genetic structure among local colonies of the land snail Helix aspersa ( ¼ Cornu aspersum), within the polders of the Bay of Mont-Saint-Michel (Western Brittany, France). The polders area consists in a mosaic of habitat patches of varying size and composition that includes a mixture of woodlots, pastures, farmlands and intensive agricultural zones delimited by a complex network of hedges and dikes. In this environment, H. aspersa occurs in patchily distributed colonies characterised by localised unpredictable extinction events, a situation presumably being characteristic of a metapopulation structure. For simplicity, we will use, throughout this study, the term 'metapopulation' in the broader view of a 'population of populations', a term allowing the possibility of extinction and recolonisation processes without requiring such events as a necessary characteristic (Hanski, 1999 ; see also Whitlock, 2001) . By using a combination of enzymatic and microsatellite loci, the present study was designed to study the extent of spatial genetic differentiation among populations of H. aspersa in this humandisturbed landscape.
Materials and methods
Study field and sample collection Specimens of H. aspersa were collected from 30 localities within the 'polders' of the Bay of Mont-Saint-Michel, located in northwestern France at the margin of Brittany and Normandy (48136 0 N; 1132 0 W) (see Figure 1 ). Two additional colonies were sampled at the base of the island of Mont-Saint-Michel. A total of 90% of the polder area (for an area of B3050 ha) is under intensive agriculture and the seminatural habitats, used as refuges by many animal species, are distributed over a landscape mosaic delimitated by a complex network of hedges and dikes (Paillat and Butet, 1996) . The first dike was created in 1054, the building of the polders started in 1851, and the last dike was completed in 1933. Dikes are either planted with poplar or covered with naturally regenerated grass and shrubby vegetation. The polders area is bordered on its southern side by mixed woodlands, on its eastern side by the river 'Couesnon' and on its northern part by the last dike ('Digue à Flot') ( Figure 1 ). Beyond this last dike, which protects the polders against the rising of water sea, the 'Herbus' area (salt meadow sheep) is periodically covered by sea during major high tides. Human disturbances (weeding, mowing, burning) often lead to some localised extinctions of H. aspersa colonies (Arnaud, 2000; Madec et al, 2000) .
Individuals were sampled along borders of roads, under bridges, under leaf litter, but most often under solid supports that potentially constitute aestivating or hibernating refuges for snails (corrugated iron, boards, bricks and the like). To minimise genetic artefacts owing to substructuring within the sampling area (ie a Wahlund effect), samples were collected from areas as small as possible, usually less than 5 m Â 5 m, which is smaller than the estimated neighbourhood size of H. aspersa (Guiller et al, 1994 (Guiller et al, , 1998 . A total of 580 individuals (mean sample size of 18.2) were genotyped for nine polymorphic markers.
Allozyme and microsatellite data Four polymorphic enzymatic systems (Aat-1, Est-3, Lap-2 and Mdh-1) were used and allozyme genotypes were determined by means of polyacrylamide gel electrophoresis, as described in Guiller et al (1994) . Five hypervariable microsatellite loci were examined and successfully multiplexed in a single PCR reaction (Ha2, Ha5, Ha10, Ha11 and Ha13). Each locus consisted of dinucleotide or tetranucleotide repeats either perfect, interrupted (tandem repeats interrupted by additional or substituted nucleotides) or compound (composed of stretches of different repeat motifs). DNA extraction, locus amplification and allele identification were performed as reported in Guiller et al (2000) with slight modifications. Briefly, forward primers of microsatellite loci were endlabelled with fluorescent dyes: FAM (Ha5 and Ha11), NED (Ha2 and Ha10) and HEX (Ha13). PCR amplifications were carried out in 25 ml volumes using a PE Applied Biosystems 310 Genetic Analyzer (PerkinElmer). DNA fragments were automatically visualised and sized using the abi prism 310t collection and genescan 3.1t software (Applied Biosystems) with the local southern sizing algorithm.
Statistical analyses
Allele frequencies, observed heterozygosities and unbiased estimates of expected heterozygosities under Hardy-Weinberg expectations were calculated for each population and locus using the software GENEPOP version 3.1d (Raymond and Rousset, 1995) . Genotypic linkage disequilibrium was estimated to test for locus independence prior to other analyses. Within-sample deviation from Hardy-Weinberg equilibrium (HWE) was investigated using Fisher's exact tests at individual loci, over all loci and across loci and populations. The overall significance of multiple tests was evaluated by Fisher's combined probability test. Sequential Bonferroni corrections for simultaneous statistical tests were applied following Rice (1989) . To quantify the levels of population subdivision, we used hierarchical partitioning of standardised genetic variance statistics according to Weir and Cockerham (1984) . Numerical resampling was used to provide estimates of variance and confidence intervals for each locus (jackknifing) and across loci (bootstrapping) using FSTAT (Goudet, 1995) . Tests for significant departure from zero were applied by permuting 5000 times alleles within (F IS ) and among (F IT ) samples, and multilocus genotypes among sample colonies (F ST ). To depict genetic affinities among populations of H. aspersa, a minimum spanning tree (MST) was calculated using the Dce distance (Cavalli-Sforza and Edwards, 1967) . In addition to the above approaches, genetic structure was analysed using nonmetric multidimensional scaling (NMDS), which circumvents the linearity assumption of metric ordination methods. This nonparametric method takes the distances between objects and tries to approximate those distances in a reduced number of dimensions through an iterative fitting procedure (Guiller et al, 1998; Jordaens et al, 2000) . The goodness of fit between the fitted and observed distances was measured by a stress test.
To test for isolation by distance (IBD), the relation between pairwise F ST and geographical distance between sampled populations was analysed following the method suggested by Rousset (1997) . The spatial distribution of genetic variability was also investigated using simple and directional spatial autocorrelation statistics (Sokal et al, 1987) . All spatial autocorrelograms were constructed using AUTOCOR, a program written by A Bellido (University of Rennes 1).
Results
Genetic diversity, genotypic linkage and Hardy-Weinberg disequilibrium Allelic diversity ranged from 2 (Aat-1) to 5 (Lap-2) alleles per enzymatic locus and from 6 (Ha2) to 32 (Ha13) alleles per microsatellite locus, with a mean number of observed alleles per population ranging from 1.97 to 9.62 across all loci (Table 1) . Overall, mean levels of gene diversity were relatively high, especially for microsatellite loci, and ranged from 0.32 (Aat-1) to 0.83 (Ha11). Mean observed heterozygosities (Ho) per colony were close to those observed for mean gene diversity for both categories of markers (Table 1) . Out of 1152 comparisons across the 32 colonies, only 50 (4.34%) significant genotypic linkage disequilibria were depicted, a proportion expected by chance alone. Multiple probability tests (Fisher's method) performed across all colony samples yielded only one significant value out of 66 pairs of loci, observed for Lap-2/Aat-1 (Po0.05, w 2 62 ¼ 105.81) after Bonferroni correction. Genotype proportions at either allozyme or microsatellite loci were largely concordant with those expected under HWE. Out of 288 individual tests, only 16 (5.5%) showed a significant deviation from HWE assumptions, with departures involving either slight heterozygote deficiencies or excesses. Agreement with HWE expectations was detected by multilocus probability tests for all populations excepting samples 15 and 18 (Po0.001 and o0.05, respectively). Mean F IS estimates were not significantly different from 0 except for Aat-1 and Ha2 (F IS ¼ 0.085 and 0.058, respectively), and a slight excess of heterozygotes, seen as negative F IS values, is also observed for Lap-2, Mdh-1, Ha10 and Ha11 (Table 2) . Altogether, these results seemed to corroborate a general lack of inbreeding as well as the absence of heterogeneous mixture of genetically distinct entities. Genetic structure in a fragmented environment
Spatial genetic differentiation
Estimates of population differentiation were positive and significantly different from 0, with an overall value of F ST of 0.088 (Po0.001) ( Table 2 ). Both categories of markers displayed similar degrees of substructuring and, although the number of loci per class of markers was low, F ST estimates were not significantly different between allozymes and microsatellites (Mann-Whitney's U test, P ¼ 0.71). Estimates of fixation indices F IT were always positively significant (synonym of an overall Wahlund effect consecutive to the pooling of structured entities), except for the locus Lap-2. Linear regression of F ST /(1ÀF ST ) on the logarithm of geographical distance showed a positive correlation between population differentiation and geographical isolation when allozymes and microsatellites are combined (r ¼ 0.34, Po10 À5 ) (Figure 2 ). However, scatterplots were suggestive of a great variance and a strong scattering of pairwise F ST /(1ÀF ST ) estimates. When pooling different population samples following three groups (western, southeastern and northern groups, see below), a highly significant spatial differentiation remained at this level (F ST ¼ 0.030, Po0.001). Such a result was unexpected under an island model without distance effect, but suggested an IBD effect.
Spatial autocorrelation analyses yielded in most cases quite stochastic correlogram profiles, with some positive significant autocorrelation coefficients at short distance classes (ie o2000 m), immediately followed by strong fluctuations of Moran's I involving either high positive or negative values with no relation with geographical distance (correlograms not shown). The salient and most striking feature of spatial genetic arrangement was displayed by the locus Est-3 that clearly departed from the others. For the two most common alleles, this locus showed a significant monotonic decrease in Moran's I values for all distance classes, consistent with an isolation by distance process or a cline (Figure 3a) . However, a genetic gradient is rarely uniformly distributed in space. Indeed, the decomposition of the initial unidirectional correlogram in four distance/direction classes demonstrated that such a decline of similarity in allelic frequencies is only effective for a 901/1351 orientation, that is a southeast/northwest direction (Figure 3b and c) .
Genetic relationships among colonies NMDS ordination analysis, based on both allozyme and microsatellite markers, depicted a local spatial patterning 
Discussion
Levels of gene diversity and extents of differentiation in H. aspersa Land snail species are likely to be subdivided into interacting genetically subdivided neighbourhoods that generate and maintain a strong variability in continuously distributed populations (Bahl et al, 1996; Arnaud et al, 2001; Goodacre, 2002) . Nonetheless, habitat fragmentation may reduce exchanges of individuals between adjacent neighbourhoods, leading to a reduced genetic diversity and to an increase of differentiation through random drift (Bahl et al, 1996; Frankham et al, 2002) . In contrast to these predictions, the observed level of polymorphism in this population does not seem to be strongly depressed by the fragmentation into local semiisolated colonies, as is suggested by the relatively high polymorphism displayed by both categories of nuclear markers. As stressed by Peacock and Ray (2001) , the loss of genetic variability is not a general scheme in metapopulations with high turnover, and high levels of polymorphism do not preclude a potential extinctionrecolonisation dynamic (see also Thrall et al, 2000; Mossman and Waser, 2001 ). Moreover, inbreeding avoidance, jointly with multiple matings, could be an effective diversifying factor in Pulmonate land snails (Murray, 1964) . Alternatively, some kinds of selective pressures could not be ruled out (see below). However, it is worth noting that (i) some populations were monomorphic for three of the four enzyme loci (see Table 1 ), a pattern suggestive of genetic erosion and (ii) there is no appropriate nonfragmented population with which the present results can be compared. More generally, only the most variable markers were used in our study. Hence, we could have an upward bias in the reported level of polymorphism, likely to distort our picture of the genetic variability in fragmented colonies of H. aspersa (see the review of Amos and Harwood, 1998) .
A strongly significant local genetic differentiation was reported and the extent of genetic substructuring displayed by microsatellites was of the same order of magnitude as that observed with allozyme data, as was similarly documented by Estoup et al (1998) and Fréville et al (2001) . The building of the polders was completed in 1933 (Paillat and Butet, 1996) and the generation time does not seem to exceed 2 years in this disturbed environment (Madec et al, 2000) . Thus, owing to the presumed recent divergence of studied colonies as well as to the concordance of multilocus F ST estimates, the observed genetic structure may be expected to be shaped, to a large extent, by gene flow and genetic drift rather than other pressures like mutation or selection whose local effects occur over a larger timescale (McCauley, 1993; Pannel and Charlesworth, 2000) . The pattern of spatial arrangement observed for the locus Est-3 could be determined by the interaction of drift and gene flow, leading to the cumulative effects of a certain degree of IBD. However, drift or migration affect all loci similarly, and the striking clinal pattern demonstrated at the locus Est-3 is more likely to be related to selective pressures reflecting genetic adaptations to site-specific conditions. Indeed, Jordaens et al (1999) established, in other terrestrial gastropods (Carinarion spp.), that nonspecific esterase variation could be physiologically or environmentally influenced, sometimes leading to inflated genetic diversity estimates. Strong evidence for habitat-specific selection inferred from allozyme variation was also demonstrated in the land snail Cochlicopa lubrica (Armbruster, 2001) . One possible ecological determining factor characterising the polder area could be the degree of salinity. However, given the absence of ecological field data, further hypotheses remain speculative.
Population genetic structure in H. aspersa Low dispersal capabilities, associated with a sedentary behaviour intrinsic to land snails (homing behaviour), may contribute to a fine-scaled spatial structuring. Cavalli-Sforza and Edwards, 1967) and using five microsatellites and four enzymatic loci. Branch thicknesses are proportional to the population divergence.
Genetic structure in a fragmented environment
J-F Arnaud et al
Founder effects could also be involved in the strong differentiation displayed at some loci (eg Aat-1 or Ha2). Indeed, the turnover of local colonies is an important determinant of the genetic structure because it can enhance opportunities for both genetic drift and gene flow, depending either on the number of colonists relative to the number of recurrent migrants, and on whether the colonists arise from a single source or many sources (McCauley et al, 1995; Pannell and Charlesworth, 2000; Whitlock, 2001) . Linear regression of pairwise estimates of genetic differentiation suggested an IBD for both types of markers. However, the observed genetic cleavage between western and eastern colonies may have possibly resulted from two independent colonisations of one or several sites, followed by a neighbourhood diffusion with ongoing gene flow within these two groups. By contrast, the strong differentiation of the two island colonies of the Mont-Saint-Michel, compared to those located in the polders, could have arisen from an independent and more ancient colonisation event, possibly mediated by monks who used this edible snail as an alimentary resource during scarcity times in the Middle Ages.
Owing to the restricted dispersal capability of land snails, the usual expectation would involve a continuous increase of genetic differentiation with geographical distance. However, geographically distant populations are sometimes genetically more similar than would be expected based on distance alone, suggesting a patchiness in the distribution of alleles (Davison and Clarke, 2000) . Such observations cannot easily be explained by active dispersal. Owing to the presumed recent colonisation of the polders area by H. aspersa (the last dike and subsequent cultivated fields were created only 60 years ago), the time span since the introduction and separation of colonies is too short to allow an equilibrium state between the opposing forces of gene flow and drift (Slatkin, 1994; Hutchison and Templeton, 1999) . Beyond stochastic effects, another possible interpretation could be that the foundation of new populations may have been facilitated by passive and accidental transport owing to human activities, which would not be restricted by the extent of geographical separation (spread by the circulation of farming scraps, agricultural engines or sheep flocks; JF Arnaud, pers. obs.).
As expected, the level of genetic differentiation among colonies was greater in the whole fragmented agricultural area than that found on a more restricted scale (Arnaud et al, 1999a (Arnaud et al, , 2001 . Nonetheless, the comparison between a fragmented and a nonfragmented landscape is not possible in this case study. It also brings into question whether landscape fragmentation increases the level of differentiation because of direct barrier effects, and/or more indirectly, through the distribution of individuals in space because of their limited dispersal capabilities (see Wiens, 1997) . Applying more realistic geographical distances that take into account landscape components (roadside ditches, edges, cultivated fields) clearly gave a better fit to an IBD model (Arnaud, unpublished results) . Similarly, the concept of a functional IBD process taking place along environmentally induced gene flow paths has been suggested in the land snail Arianta arbustorum (Arter, 1990) .
In conclusion, the genetic substructuring among colonies of H. aspersa seems to be related to low shortrange gene flow and, at least partially, to stochastic factors including occasional long-distance dispersal and landscape components. Habitat fragmentation may have significant effects on the genetic structure of subdivided populations because physical barriers are likely to impede gene flow (McCauley, 1993; Frankham et al, 2002) . However, despite the reality of habitat patchiness and environmental instability, this study showed no clear evidence concerning the potential effects of fragmentation and human disturbances on the distribution of genetic variability (see also Mossman and Waser, 2001) . Trends compatible with a metapopulation structure would require either direct investigations in the field, such as mark-release studies, or a temporal survey of genetic structuring. To address this question, the temporal evolution of the within-population genetic composition is currently being investigated in the polders area.
